The cytochrome P450 2C19 and 2D6 enzymes are predominantly found in the human liver, and have important functions in the metabolism of many different classes of commonly used drugs. Their genetic polymorphisms give rise to both important interethnic variability in metabolism and the risk of treatment failure or dose-dependent drug toxicity. To investigate genetic polymorphisms in CYP2C19 and CYP2D6 genes in Han Chinese, we sequenced regions of the 5 0 flanking region, exon, intron and 3 0 UTR from these two genes using 100 unrelated healthy Chinese Hans. We detected 48 genetic variants in CYP2C19. A total of 15 of them are novel, including two polymorphisms in putative transcriptional factor-binding sites. The CYP2C19*1, *2, *3, *4, *17, *23, *24 and *25 alleles have frequencies of 67.5, 25.5, 2, 0.5, 3, 0.5, 0.5 and 0.5%, respectively. Based on computational predictions, three novel alleles (CYP2C19*23, *24 and *25) are deleterious mutations of the CYP2C19 protein. In CYP2D6, we identified 84 different polymorphisms, including 18 novel single-nucleotide polymorphisms. One novel polymorphism is located in a potential cis-regulatory element of the gene. The allele frequencies of CYP2D6*1, *2, *4, *5, *6, *10, *14, *21, *36, *41, *43, *52 and *71 are 18.5, 14, 1, 7, 0.5, 49, 1.5, 0.5, 1, 4, 0.5, 1 and 1.5%, respectively. The occurrence of CYP2D6 duplication is 0.5%. The novel CYP2D6*71 is anticipated as a putative poor metabolizer allele. We also performed linkage disequilibrium analysis and observed strong linkage disequilibrium spanning of the CYP2C19 and CYP2D6 regions. In addition, network analysis showed that 15 haplotypes of CYP2C19 and 22 of CYP2D6 are classified into five and three groups, respectively. Comparisons of allele frequency distributions revealed significant interethnic and intraethnic differences in these two genes. In conclusion, this study revealed that CYP2C19 and CYP2D6 have a complicated allele composition and distinct frequency distribution in Han Chinese.
Introduction
Cytochrome P450 is a superfamily of hemoproteins that are essential for metabolizing thousands of endogenous and exogenous compounds. 1 Among the 57 functional CYP genes identified in humans, 2 CYP2C19 plays a critical role in oxidative biotransformation of several important groups of drugs, including proton pump inhibitors, antiepileptics, tricyclic antidepressants and antimalarial drugs. 3 CYP2D6 is responsible for the breakdown of B30% of prescribed drugs, such as certain neuroleptics, antidepressants, antiarrhythmics, b-blockers and pain relievers. 4 Both CYP2C19 and CYP2D6 exhibit remarkable inter-individual variability in catalytic activity, due to functionally significant genetic polymorphisms. To date, 22 different alleles of the CYP2C19 gene have been identified and characterized (http://www.imm.ki.se/ CYPalleles), 11 of which are encoded for inactive or unstable enzymes. The CYP2D6 gene locus shows more extensive polymorphisms. In total, 70 allelic variants including point mutations, sequence deletions or insertions, gene rearrangements and duplications or deletions of the entire gene are associated with either reduced or increased enzyme activity, which resulted in the greatest phenotypical variability amongst all the CYPs.
Significant interethnic differences exist in the allele frequencies of CYP genes. The most frequently identified defective allele of CYP2C19, responsible for the poor metabolism (PM) phenotype, is CYP2C19*2, of which a single base pair mutation in exon 5 generates an alternate splice site consensus. 5 Asians possess higher frequencies of *2 (28.9-31.2%) than Caucasians (12.7%) and African Americans (18.2%). 6 The second most important PM allele is CYP2C19*3, which carries a G-A nucleotide substitution in exon 4, creating a premature stop codon. 7 The prevalence rate of *3 in Asians ranges from 5.7 to 9.6%, whereas in Caucasians it is only 0.9%. 6 The most frequent allelic variants involved in the deficiency of CYP2D6 activity are *3, *4, *5 and *6, which in total account for B97% of nonfunctional CYP2D6 variants in Caucasian populations.
8 CYP2D6*4, the predominant PM-associated allele, can be commonly observed in European with a frequency of 17.2%. 9 However, in Asian populations, the most widespread allele is CYP2D6*10, which encodes an enzyme with reduced catalytic activity: its frequency is about B51.6-64.7% in Chinese, [10] [11] [12] 45% in Koreans, 37% in Japanese and 49.5% in Malays. 13 Nonetheless, *10 occurs with a low frequency (o3%) in South African 14 and Caucasian populations. 15 Another reduced function allele, CYP2D6*17, has a relatively high frequency in African Americans (19.1%), 15 but it has not been reported in Chinese populations. Heretofore, the highest frequency of gene duplications was reported in North African populations (28.3%). 9 The Han ethnic group is by far the majority within China, making up B92% of the entire population. This group, however, is internally diverse, because of assimilation and Sinicization of various ethnic subgroups and tribes into a Chinese Han identity over the last 3 millennia. [16] [17] [18] [19] Analysis of population genetics data revealed that Han Chinese can be divided into two genetically differentiated groups, northern Han and southern Han, 16, 17 separated by the Yangtze River, a natural geographical boundary. 18 The genetic compositions of northern and southern Han populations are greatly influenced by their surrounding minorities, because of gene flow. As a result, there are substantial genetic differences between various subpopulations in Han Chinese.
The polymorphisms in CYP2C19 and CYP2D6 genes have great pharmacological importance and display noticeable interethnic differences. Furthermore, genetic compositions in Han Chinese are complex. Thus, although some previous work has been done, [10] [11] [12] [20] [21] [22] it is quite worthwhile to investigate variants of the aforementioned two genes for Han Chinese. In our study, we intensively screened for genetic variants of CYP2C19 and CYP2D6 in Han Chinese, systematically analyzed the linkage disequilibrium (LD) and haplotype structure of these two genes, and computationally predicted the functions of novel polymorphisms. Our findings on allele distribution patterns in Han Chinese will serve as a further support in optimization of personalized therapeutic strategies.
Results
Within our Chinese Han sample, we identified 48 genetic polymorphic sites in CYP2C19 (Supplementary Table S1 ). There are fifteen novel variants (Table 1) , having not been reported in the NCBI dbSNP database or in the Human Cytochrome P450 Allele Nomenclature Committee tables. Seven of them are in the 5 0 flanking region, four in the introns and four in the exons (three nonsynonymous singlenucleotide polymorphisms (SNPs)). In the CYP2D6 gene, 84 genetic polymorphisms were detected (Supplementary Table  S2 ), including 18 novel ones: five in the 5 0 flanking region, eight in the introns, four in the exons (three nonsynonymous SNPs) and one in the 3 0 untranslated region (UTR) ( Table 2 ). The allele frequencies and Hardy-Weinberg equilibrium test results of the identified polymorphic sites are shown in Supplementary Tables S1 and S2 for CYP2C19 and CYP2D6, respectively.
Allele frequency and genotype frequency In this study, eight different alleles (Table 3) were detected in CYP2C19. The wild-type *1 has the highest frequency (67.5%), and the defective allele *2 is the second most popular allele (25.5%). The occurrence of another important nonfunctional allele *3 is at the 2% level. The three novel alleles (CYP2C19*23, *24 and *25) are relatively rare and each has a frequency of 0.5%. In addition, 11 genotypes were identified in CYP2C19 (Table 4 ). The genotype frequencies of wild type (*1/*1) and heterozygous *2 (*1/*2) are 42 and 41%, respectively. Other nine infrequent genotypes together occupy about 17% of Han Chinese population.
Among the 13 identified CYP2D6 alleles (Table 3) , *10 together with *1 and *2 account for 81.5% of the allele frequency. Several rare alleles such as *6 (0.5%), *21 (0.5%), *43 (0.5%) and *52 (1%) are reported for the first time in Han Chinese. The frequency of the new CYP2D6 allele *71 is 1.5%. Our results revealed that reduced-functional alleles are most prevelant (55.5%), followed by functional alleles (33%) and then nonfunctional alleles (11.5%). We also identified 25 genotypes for CYP2D6 (Table 4) . Most of its genotypes occur at a frequency below 10%, except three commonly observed ones: *10/*10 (22%), *2/*10 (17%) and *1/*10 (16%).
Novel nonsynonymous SNPs
Three novel nonsynonymous SNPs were identified for CYP2C19. Substitution of G-C at nucleotide position 12455 results in a change of the amino acid at codon 91 from Gly to Arg (G91R); this new allele is now designated as CYP2C19*23 by the nomenclature committee. Another novel allele, CYP2C19*24, is a G-A single base change in exon 7, which converts Arg 335 to Gln (R335Q). The third novel missense polymorphism is a C-G substitution at nucleotide position 90080, resulting in Leu taking the place The position in the gene is according to the reference sequence AY545216 in GenBank and nucleotide +1 is the A of the ATG-translation initiation codon. HWpval, Hardy-Weinberg equilibrium P-value, which is the probability that its deviation from H-W equilibrium could be explained by chance. The position in the gene is according to the reference sequence NG_008384.1 in GenBank and nucleotide +1 is the A of the ATG-translation initiation codon.
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HWpval, Hardy-Weinberg equilibrium P-value, which is the probability that its deviation from H-W equilibrium could be explained by chance. Table S3 ). The P deleterious scores for the three variants are 0.96, 0.94 and 0.87, respectively. Both the low subPSEC scores (below À3) and the significantly high P deleterious scores (above 0.5) indicate deleterious effects for CYP2C19 functionality. 23 We also detected three new nonsynonsymous polymorphisms in CYP2D6. One of them-denominated as CYP2D6*71-is a transversion of G-A in exon 1, which results in the replacement of Gly 42 by Glu (G42E). The other two polymorphisms are g.2581G-A, p.269R-Q and g.4157A-C, p.478H-P. Only G42E is predicted to suffer functional impairment, with significantly high P deleterious score (0.9291) and PSIC score difference (1.575) (Supplementary Table S3 ).
Novel polymorphisms in transcriptional factor-binding sites Seven new SNPs were found in the 5 0 flanking region of CYP2C19, two of which are in the potential cis-regulatory elements, based on GeneQuest prediction (Table 5) . NEW2_À3331 is located in the Pu box motif (Spi-1/PU.1_CS) and NEW5_À3219 is within either hepatocyte nuclear factor 1 or activator protein 1 binding sites. As for the CYP2D6 gene, we identified five novel variants in its 5 0 upstream region. The search for transcription factor-binding domains revealed that a putative major late transcription factor recognition site coincided with NEW1_À4031. These variants may lead to the loss of putative sites recognized by corresponding transcription factors or they may affect binding affinity for regulatory proteins, which would result in the alteration of gene expression.
LD block and tag SNPs
Linkage disequilibrium was evaluated for CYP2C19 ( Figure 1a ) and CYP2D6 ( Figure 1b ) using those SNPs whose minor allele frequencies (MAF) are X0.05, as SNPs with low Genetic polymorphism of CYP2C19 and CYP2D6 Q Zhou et al frequency have little power to detect LD. 24 An LD block was found spanning a 22-kb region from the 5 0 upstream region (2C19_NEW1_À3619) to the intron 4 (rs7088784) of the CYP2C19 gene. There are several internal blue boxes defined as complete LD with lower statistical confidence, generally resulting from lower frequency SNPs. A larger LD block was observed from rs4244285 in exon 5 to rs4917623 in intron 7, crossing a 67-kb region. The value of multiallelic D 0 describing the level of recombination between the two blocks was 0.98, which implies that they are tightly correlated and that only 2% of chromosomes display evidence of historical recombination. When pairs of SNPs distributed across the 9.3-kb genomic region were measured for LD, extremely strong LD was observed spanning the entire CYP2D6 region. All allele pairs of CYP2D6, except that within the locus 2D6_À498 and rs28633410, have a D 0 value equal to 1.0 (which indicates complete LD). Such significant LD in Han Chinese is in accordance with other worldwide-distributed populations. 9, 10, 25, 26 Tag SNPs that capture information on other variants with MAF X0.05 were selected using the program Tagger, BROAD Institute http://www.broadinstitute.org/mpg/tagger (implemented in Haploview 27 ). Four SNPs can be chosen as tags for CYP2C19 (Supplementary Figure S1a) and five can be chosen as tags for CYP2D6 (Supplementary Figure S1b) . These selected informative tag SNPs would be quite useful for the association studies, which could contribute to improving genotyping efficiency without losing too much information.
Haplotype structure and network analysis Based on detected SNPs, haplotypes were constructed for entire regions with the PHASE (University of Washington: http://www.stat.washington.edu/stephens/phase.html) program. SNPs with low frequencies (o1%) were excluded from the analysis. Many new haplotypes were assigned, due to the incorporation of novel polymorphisms into phasing. These are labeled with small alphabetical letters (Figure 2 ). The total number of CYP2C19 haplotypes (Figure 2a ) is fewer than that of CYP2D6 (Figure 2b ). We observed in both genes that a few common haplotypes account for a large proportion of the total chromosomes studied. Of the 15 CYP2C19 haplotypes inferred in our study, two major haplotypes (*1B and *2d) account for 83.5% of total chromosomes examined. In CYP2D6, *10e is the most frequent haplotype, followed by *1A. Altogether, these make up more than 50% of the population. Although novel alleles in CYP2C19 have frequencies o1%, their haplotypes still can be unambiguously phased (not shown in Figure 2a )-both CYP2C19*23 and *25 simultaneously carry mutations 99C4T and 80161A4G. In addition, haplotype for *24 is composed of 99C4T, 80161A4G, 80174G4A and 87259A4G. Haplotype analysis showed that CYP2D6*71 contains 125G4A, 1494 T4C and a C4G at location À1584 in the promoter region, as well as other 10 SNPs in the promoter and enhancer regions. The novel nonsynonymous SNP with 2581G-A encoding for R269Q substitution was found in the haplotype *4p, and *36 harbors the third novel cSNP in CYP2D6, which yields a His to Pro substitution at amino acid 478.
Network analysis provided additional insight into the relationships among the haplotypes of CYPs. For the CYP2C19 gene, 15 haplotypes fall into five major groups (Figure 3a) . CYP2C19*1B is the most common haplotype and gives rise to clades of *1d and *1e; whereas *2, *3, *17 and other five *1 suballeles (*1f-*1j) are in relatively independent positions. Network analysis of CYP2D6 haplotypes suggested that 22 haplotypes can be divided into three separate groups (Figure 3b ). CYP2D6*10, *1 and *2 are the centers of these subgroups. As shown in the network, CYP2D6*4, *52 and *36 are derived from *10; *71 stems from *1; *14 and *41 are derived from *2.
Discussion
In this study, we presented information on the genetic variability of CYP2C19 and CYP2D6, evaluated LD, and reconstructed the haplotypes in Han Chinese. Genetic polymorphism of CYP2C19 and CYP2D6
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Interethnic and intraethnic differences in allele frequencies Variants in CYP2C19 and CYP2D6 genes display significant interethnic differences in the global populations (Table 6 and Table 7 ). The CYP2C19*2 frequencies are inhomogeneously distributed at 25.5% in Chinese populations, 35% in South Indian populations 28 and 8.7-18.2% in Caucasian and African populations. 6, 29 Although *3 was reported to be more common in Asians (5-12.8%) 30,31 than in Caucasians 0.9%, 6 it seems to be an infrequent allele for Han Chinese (2%).
The CYP2D6, *10 (49%) allele is predominant among reduced-function alleles in Han Chinese, which is similar to the genetic composition of other Asian populations. [11] [12] [13] 32 Another two reduced-function alleles, *17 and *29, both Genetic polymorphism of CYP2C19 and CYP2D6
with high prevalence among Africans and those of African descent, 14, 15 were not discovered in our study. CYP2D6*4, as the most frequent nonfunctional allele in Caucasians (19.7%), 15 rarely exists in Han Chinese with a frequency as low as 1%. The occurrence rate of gene duplication varies widely, from 0.5% in Han Chinese, up to 29% in Ethiopians. 33 Only *5 is relatively constant among different populations, with the exception of South Africans (17.2%), 14 where it ranges from 1.9 to 7.06%; 11,34 the frequency of *5 in Han Chinese (7%) is within this range.
Besides known interethnic differences in genetic polymorphisms of the CYP2C19 and CYP2D6 genes, a remarkable intraethnic variability was also observed among different Han Chinese subpopulations from distinct geographical areas (Table 6 and Table 7 ). Comparing allele frequencies of our Han samples (Beijing) with five other geographical subpopulations of Han Chinese (Hong Kong, Shanghai, Shantou, Shenyang and Xi'an), 10, 12, 20, 35 we observed that the frequencies of three major alleles of CYP2C19 (*1, *2 and *3) are significantly (Po0.05) different from that of Shengyang and Xi'an subpopulations. Furthermore, four major alleles of CYP2D6 (*1, *2, *5 and *10) vary significantly (Po0.05) against the five other subpopulations. Moreover, distributions of rare alleles among the six subpopulations differ dramatically (P-value was not given). Alleles such as CYP2C19*4 and CYP2D6*4, *6, *21, *36, *43 and *52 are specific for only one or two subpopulations, whereas CYP2C19*15, *17 and CYP2D6*14 are absent in at least one of the subpopulations.
LD and haplotype phylogenetic relationships
The pattern of LD in the CYP2C19 gene shows two tightly correlated blocks of LD. Although the definition of the LD block at the CYP2C locus has recently been a controversial topic, our result coincides with the suggestion that there is a larger LD block covering the CYP2C19 gene. 36, 37 Our survey of the CYP2D6 locus exhibits a strong LD block, which is highly conserved across worldwide-distributed populations; 9 suggesting low recombination within the CYP2D6 locus. 38 To compare the possible differences in LD structure between our sample and other geographical Han populations, we determined the LD structure using 39 SNPs of the CYP2D6 gene shared with Shengying Qin et al. 10 in a recent study. These SNPs yield an LD pattern similar to that in Qin's Han/Xi'an population (from northern China), but have less in common with that in Qin's Han/Shantou population (from southern China) (Supplementary Figure S2) . The result is explainable, as our samples were collected in Beijing, which is more representative of the Northern Han Chinese.
Network of haplotypes present the phylogenetic relationships of CYP2C19 and CYP2D6 alleles. In the CYP2C19 gene, five haplotypes (*1f-*1j) with a total frequency of 5.5% are classified into *1, while these haplotypes do not contain any other nonsynonymous substitutions except I331V. However, network analysis indicated that these five haplotypes are actually highly divergent against *1 suballeles, about 13-17 mutation steps away from *1B. After investigation of the haplotype structure, we found that the five haplotypes are basically similar to each other and carry mutations at both À3331 and À3219, where potential transcriptional factor-binding sites may fall. Spi-1/PU.1, activator protein 1, as well as hepatocyte nuclear factor 1, are liver enriched and have been previously reported as the major regulators of CYP genes. [39] [40] [41] Polymorphisms in putative binding elements are, therefore, likely to downregulate the expression of CYPs, although more experimental evidence is required. Hence, one might provisionally classify the five unique structure haplotypes as *1, if they possess functional polymorphisms in their promoter region. Our tree of CYP2D6 alleles is consistent with previous results, but with more reliability, as the tree was inferred from 71 polymorphisms (MAF X0.01) rather than only about 10 SNPs.
9,25
Functional prediction of novel alleles of CYP2C19 and CYP2D6 The three novel alleles in CYP2C19 were predicted to be deleterious in protein function. The CYP2C19*23 allele contains a point mutation that replaces Gly91 with Arg. However, Gly91 is located within the B-B 0 helix loop at the Cterminal end of B-helix, a region which is an important part of surface channel access to heme and has previously been shown to have a profound effect on the substrate recognition in P450 proteins. [42] [43] [44] Furthermore, G91R substitution introduces a large charged amino acid and thus alteration of hydrophobicity, because glycine is located in a hydrophobic environment with the smallest side chain, whereas arginine has polar basic chemical groups in a much larger side chain. Table S3 ).
The CYP2C19*24 allele carries a mutation at amino acid Arg335, which belongs to an eight-residue loop between J and J 0 helices and forms a pair of hydrogen-bonding ions with D341 positioned in the center of the J 0 helix. We used CYP2C19 homology model for further investigation of the importance of R335. As shown in Figure 4a , there are four extrahelical hydrogen bonds within the helix J-loop-helix J 0 motif. Two of them are contributed by the bonding interactions between R335 and D341, with bond lengths of 2.81 and 3.02 Å , respectively; and the other two are between D341 and C338. These three amino acids construct a perfect tripod structure, to maintain stability of this motif in the CYP2C19 protein. Once Arg335 is replaced with Gln, the hydrogen-bonding ion pair with D341 will disappearthus introducing more structural variability-and the protein secondary structure would probably then be affected by this mutation (Figure 4b ). The conserved homologous interaction can also be found between R343 and D349 in CYP2D6 (Figure 4c ), indicating that the two amino acids play an important role in P450 proteins. It so happens that both CYP2D6*25 (R343G) and CYP2C9*11 (R335W) have already been detected in this homologous position of amino-acid substitution. In particular, CYP2C9*11 was confirmed as a PM allele, exhibiting a threefold increase in K m and more than a twofold decrease in intrinsic clearance for tolbutamide. 45 Furthermore, Arg335 was predicted to form binding pockets for ligands of CEC, fluvoxamine and lescol. 46, 47 It seems that the R335Q substitution in CYP2C19 not only destabilizes protein secondary structure but also alters its affinity for substrates. Although the function of CYP2C19*24 remains to be further investigated, we could still speculate that it possibly has the characteristic of diminished protein activity.
The CYP2C19*25 allele harbors mutation of Phe448 located in the helix L, this domain is an important portion of the heme-binding region sandwiching heme group proximal to the surface of the protein, with helix I on the distal side of the interior part of the protein. 48 According to CASTp analysis, Phe448 together with Ala149, Leu152, Val153, Phe451 and Ile452 constitutes a hydrophobic cavity computed atlas of surface topography of proteins ((CASTp) pocket ID ¼ 62). Obviously, Phe448 is on the most prominent position of this pocket to interact with the heme group (Figure 5a) . Once a ligand is anchored, the hydrophobic forces might favor replacement of the heme. The replacement of Phe448 with nonpolar Leu will decrease the hydrophobicity or integrity of the L-helix, although the hydrophobic nature of the pocket could be preserved (Figure 5b) .
The substitution of Gly42 with Glu (G42E) occurs at the N-terminal region of CYP2D6, possessed by CYP2D6*71. Previous findings indicated that substitution located in the N-terminal region-such as G42R 49, 50 and P34S
51
-causes CYP2D6 dysfunction, because cytochrome P450 is embedded into the membranes of endoplasmic reticulum through its hydrophobic N-terminal anchor sequence.
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G42R substitution is the characteristic of CYP2D6*12 allele that causes a dramatic decrease in the microsomal content of the protein, and an increase in the apparent K m for debrisoquine 4-hydroxylation and bunitrolol 4-hydroxylation. 50 Similarly, lower enzyme activity was observed in G42E substitution with lower microsomal contents and higher K m value for oxidation of debrisoquine than the wild type, due to lower efficiency of the protein in its anchoring to endoplasmic reticulum membranes. 53 Therefore, CYP2D6*71 could be a putative PM allele.
In conclusion, this comprehensive investigation of the polymorphisms in CYP2C19 and CYP2D6 genes identified four novel variant alleles (CYP2C19*23-CYP2C19*25 and CYP2D6*71). Based on the computational predictions, it seems that these genetic variants may contribute to interindividual variability in CYP2C19 and CYP2D6 protein functions. Furthermore, we evaluated LD, selected tag SNPs, and determined haplotype structures in Han Chinese, which provide the fundamental and useful information for genotyping of association studies. We also highlighted important interethnic and intraethnic differences in allele frequency distributions of CYP2C19 and CYP2D6 genes. Our results may provide insights for further studies or into clinical practices of ethnic group-dependent metabolisms of therapeutic drugs that are substrates of CYP2C19 and CYP2D6. Figure 4 Magnified view of three-dimensional structure model of CYP2C19 depicting hydrogen-bonding interaction between R335 and D341 (a), and polymorphic mutation R335Q in CYP2C19 (b). Homologous interaction between R343 and D349 in CYP2D6 is modeled by using the crystal structure of CYP2D6 (2F9Q) (c).
Materials and methods
Genomic DNA samples Genomic DNA was extracted from Epstein-Barr virus transformed lymphoblastoid cells using a salting-out method. 54 The cell lines were obtained from two sources: Han Chinese in Beijing (CHB) from the HapMap Project 55 (42 cell lines) and blood samples of unrelated Han Chinese individuals in Beijing (remaining 58 cell lines). The 58 participants were judged to be in healthy condition, based on a physical examination. Before blood and information collection, the participants signed informed consent forms. To ensure their Han Chinese origin, they were interviewed regarding their ancestral status for up to three previous generations. The project was approved by the Ethnical Committee at the Beijing Institute of Genomics, Chinese Academy of Sciences.
PCR condition and DNA sequencing
To screen the SNPs in CYP2C19 and CYP2D6, the possibly distal enhancer and proximal promoter regions, all exons, the surrounding introns and 3 0 UTR regions were sequenced. The PCR was performed in a volume of 25 ml containing 50 ng of genomic DNA, 1 Â PCR TaKara buffer (Mg 2 þ plus), 3 pmol of each primer, 75 pmol dNTP, 1 unit of Taq DNA polymerase (TaKara Bio Inc., Shiga, Japan). The cycling program was initiated with heat denaturation at 95 1C for 5 min, followed by 40 cycles of 95 1C for 30 s, 55-60 1C for 40 s, 72 1C for 1-5 min and a final extension at 72 1C for 10 min, using a thermal cycler (GeneAmp PCR System 9700, Applied Biosystems, Foster City, CA, USA). The PCR products were purified with the MultiScreen PCR Filter Plate (Millipore, Bedford, MA, USA) and then subjected to direct sequencing by use of the DYEnamic ET terminator cycle sequencing kit (GE Healthcare, Chalfont St Giles, UK) on the ABI Prism 3730xl DNA Analyzer (Applied Biosystems). All the PCR and sequencing primers were listed in Supplementary  Tables S4 and S5 for CYP2C19 and CYP2D6, respectively. Singleton mutations, occurring only once in 100 samples, were verified with a new PCR amplification followed by bidirectional sequencing with coverage of the SNP. We adopted the method reported by Hersberger et al. 56 to detect the entire CYP2D6 deletion (CYP2D6*5), and employed the method described by Lovlie et al. 57 to detect CYP2D6 gene duplication. The PCR products were resolved by agarose gel electrophoresis.
Data analysis
The Phred/Phrap/Polyphred/Consed (University of California, San Diego: http://elcapitan.ucsd.edu/hyper/polyphred.usage. html) software suite was used for initial analysis of the sequence, including base calling, fragment assembly, SNP and sequence insertions/deletions detection. [58] [59] [60] [61] Polymorphisms of CYP2C19 and CYP2D6 genes were named according to the genomic reference sequence NG_008384.1 and AY545216. Comparison of allele frequencies between Han Chinese population (Beijing) and other populations was done using w 2 test (chromosome number o5 was not involved in w 2 test). The level of statistical significance was defined as Po0.05.
Hardy-Weinberg equilibrium and LD
The Hardy-Weinberg equilibrium was assessed for each SNP using HAPLOVIEW version 4.1. 62 We also used HAPLOVIEW 4.1 (BROAD Institute; http://www.broadinstitute.org/haploview) to investigate pairwise LD across all the SNPs and selected haplotype tag SNPs.
Haplotype determination and network of haplotypes We used PHASE2.1 (University of Washington; http:// www.stat.washington.edu/stephens/phase.html) to reconstruct haplotypes and derive the haplotype frequencies. 63, 64 The phylogenetic relationships of haplotypes were constructed with the program Network 4.502 (Fluxus Technology Ltd; http://www.fluxus-technology.com/) using the median-joining algorithm. 65 Functional analysis of novel SNPs in promoter and coding region Genetic polymorphisms in the promoter region were analyzed for their potential effect on transcription. The GeneQuest module of the Lasergene 7.2 program-(DNASTAR, Inc., http://www.dnastar.com/products/lasergene. Genetic polymorphism of CYP2C19 and CYP2D6 Q Zhou et al php) was used to identify the candidate transcription factor-binding sites in CYP2C19 and CYP2D6 promoters.
The effect of novel amino-acid substitutions in CYP2C19 and CYP2D6 was evaluated by PANTHER and PolyPhen. The former is based on an alignment of evolutionarily related proteins 23 and the later is in the light of sequence, phylogenetic and structural information. [66] [67] [68] A three-dimensional homology model of CYP2C19 was constructed using automatic modeling mode on SwissModel server 69, 70 (http://swissmodel.expasy.org//SWISS-MODEL.html). The CYP2C9 crystal structure 71 (PDB code: 1OG2) was used as template for CYP2C19 homology modeling because of their high similarity-sharing B91% amino-acid identity. 72 Iron-protoporphyrin IX was added to the CYP2C19 protein using the X-ray structure data of CYP2C9. 71 To determine whether a specific amino acid is located in an important pocket, we employed CASTp to identify the surface pockets or interior cavities. 73 PyMOL 0.99rc6 (Delano Scientific LLC.; http://pymol.sourceforge. net/) was used for molecular visualization and measurement of hydrogen bonds (http://pymol.sourceforge.net/).
